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ﬂuoroquinolones) in the water of a high-intensity aquaculture lake, Honghu Lake, and its associated river net-
work and ponds were investigated. Tetracycline, oxytetracycline, chlortetracycline, and sulfadiazine are the
four dominant antibiotics in this region, with maximum and median concentrations of 1454.8 and 304.8 ng/L,
2796.6 and 161.9 ng/L, 1431.3 and 349.9 ng/L, and 499.5 and 106.5 ng/L, respectively. Themedian concentrations
of the other nine antibiotics are lower than 57.1 ng/L. The highest contaminated sites are located in the Four-lake
main canal and its lake inlets. Antibiotic concentrations were higher in November than in May and the concen-
trationswere strongly correlatedwithwater temperature, dissolved oxygen, and nitrates according to redundan-
cy analysis. The source analysis indicated that besides untreated domestic and husbandry sewage, the
aquaculture in the lake and ponds is a main source of antibiotics in the study region. The environmental hazards
posed by the selected antibiotics were assessed by using the methods of hazard quotient and mixture hazard
quotient. The results suggested that tetracycline, oxytetracycline, sulfadiazine, and ciproﬂoxacin pose medium
to high ecological hazard to algae in almost all of thewater samples, and the high combination ecological hazards
of antibiotics are mainly posed by the high individual hazard quotient of tetracycline in the study area.
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Antibiotics arewidely used to treat diseases and protect the health of
humans and animals; moreover, they have been widely used to pro-
mote animal growth in livestock, poultry, and aquaculture industries
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biotics are poorly absorbed and metabolized by the tested organisms
(Sarmah et al., 2006); hence, most of these chemicals have ultimately
entered the environment via urine and feces, domestic swage, livestock
and agriculturewastes, and/or direct splashing to the aquaculturewater
(Heuer et al., 2008; Yao et al., 2015; Shah et al., 2014). Due to their con-
tinuous input into the environment through numerous pollution
sources and their degradation-resistant characteristics, antibiotics are
regarded as a class of ubiquitous and “pseudo-persistent” contaminants
in aquatic environments (Nödler et al., 2012; Yao et al., 2015). Numer-
ous studies have reported the concentrations of antibiotics ranged
from several ng per liter to hundreds of μg per liter in various environ-
mental compartments, such as hospital sewage, municipal sewage, sur-
facewaters, groundwater, and seawater (Brown et al., 2006; Kümmerer,
2009; Chang et al., 2010; Rodriguez-Mozaz et al., 2015; Yao et al., 2015,
2017; Chen et al., 2015a, b; Ngumba et al., 2016; Sui et al., 2017). The
antibiotic burden in water can result in direct toxicity to animals
(Wollenberger et al., 2000; Wang et al., 2014; Yan et al., 2016) and
plants (Migliore et al., 2003; Pan and Chu, 2016), but more impor-
tantly, they can induce antibiotic-resistant bacteria or genes, which
increase health and ecological hazards through food chains, even at
low concentrations (Wellington et al., 2013; Ye et al., 2016; Sharma
et al., 2016).
The global antibiotic consumption has gradually increased due to
global economic and population growths (Cheng et al., 2014).Wise
(2002) estimated that antibiotic consumption worldwide lies between
100,000–200,000 tons per annum. China is the largest producer and
user of antibiotics worldwide and it used approximately 162,000 tons
for animal agriculture and medicine in 2013 (Zhang et al., 2015). By
comparison, China consumed 150 times more antibiotics than the UK
and 10 times than theUSA (Zhang et al., 2015). These high-intensive us-
ages of antibiotics plus the relatively low sewage treatment rate may
lead to a high contamination level in China in comparison with the
other areas in the world (Zhang et al., 2015). Thus, the antibiotic occur-
rence and ecological hazards evaluation in the surface waters in China
has been of great concern (Jiang et al., 2011; Zhang et al., 2015; Deng
et al., 2016; Xu et al., 2016; Yao et al., 2017; Ma et al., 2017; Chen et
al., 2017). However, these studies mainly focused on rivers; moreover,
the antibiotic information on lakes in China is still limited, even with
Lake Taihu, Chaohu, and Baiyangdian having been studied (Cheng et
al., 2014; Xu et al., 2014; Tang et al., 2015).
As the most important part of inland water, lake ecosystems are
closely related to human survival and social development. Illustrating
the pollution characteristics of antibiotics and ecological hazard of
lakes is signiﬁcant for ecological safety and human health. Many lakes
are located in the middle reaches of the Yangzi River area. In this area,
the high population density and agriculture activities (e.g., aquaculture,
livestock, poultry, and planting industries) (Du, 2016) can increase the
antibiotic contaminant levels of local lakes. However, to our knowledge,
the antibiotic pollution information and relative ecological hazards in
these lake areas are limited.
Lake Honghu, which is a typical lake located in the Honghu county in
the middle reaches of Yangzi River area, is a large, shallow eutrophic
lake with an area of ~350 km2 and an average depth of ~1.5 m. The
lake is connected to the Four-lake main canal, which is the main drain-
age canal of Four-lake Basin and adopts the upstream ﬂow from an area
of 1.04× 104 km2,which is inhabited by N5.7million residents, 8million
pigs, and 140million poultry (JBS, 2016; Zhang et al., 2017). The lake re-
ceives numerous domestic and animal husbandry sewages from its
inﬂowing rivers and suffers serious internal pollution because the lake
has been used as a large-scale aquaculture farm (N40% of the total
lake area) in recent years (Zhang et al., 2017). Antibiotics are widely
used in human medicine and aquaculture and animal husbandry in
the lake's watershed; therefore, evaluating the current status and envi-
ronmental hazards of antibiotic pollution in the Lake Honghu is
important.In the present study, we focused on the occurrence and ecological
hazards of 13 widely used antibiotics (including three tetracyclines
(TCs), six sulfonamides (SAs), and four ﬂuoroquinolones (FQs); Zhao
et al., 2010) in the surface waters of Lake Honghu and its attributed
river network and ponds via two sampling campaigns. The speciﬁc
aims of this study are: (1) to discuss the temporal–spatial distribution
of the selected antibiotics in Lake Honghu areas; (2) to analyze the
sources of the antibiotics based on the correlations between environ-
ment variables and antibiotic concentrations; and (3) to assess the eco-
logic hazard of the antibiotics to the aquatic organisms according to the
calculated hazard quotients (HQs) and mixture hazard quotients
(MHQs) (Backhaus and Faust, 2012; Yao et al., 2017).
2. Materials and methods
2.1. Chemicals and standards
Thirteen antibiotics were selected for this study based on their high
use frequency in China. These antibiotics can be classiﬁed into three
groups: SAs group, which includes sulfadiazine (SDZ), sulfamerazine
(SMR), sulfameter (SFM), sulfadimidine (SMD), sulfamonomethoxine
(SMM), and sulfamethoxazole (SMZ); FQs group, which includes
ﬂeroxacin (FLE), oﬂoxacin (OFL), ciproﬂoxacin (CIP), and diﬂoxacin
(DIF); and TCs group, which includes tetracycline (TC), oxytetracycline
(OTC), and chlortetracycline (CTC). Standards for SDZ, SMR, SFM, and
DIF, with purities of N99%, were obtained from Dr. Ehrenstorfer (Augs-
burg, Germany), and the other antibiotic standards, with purities of
N98%, were purchased from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China). Individual anti-
biotic standard stock solutions with concentrations up to 1000 mg/L
were prepared in 50%methanol and stored in the dark at−20 °C before
use. Mixed working solutions with different concentrations were pre-
pared by diluting the stock solutions before each analytical process.
2.2. Study area and sampling procedure
Lake Honghu is located in the south-central Hubei province and the
north bank of the Yangzi River (113°12′–113°26′E, 29°40′–29°58′N; Fig.
1),whereﬁsh and rice are abundant. The lake is the largest lake inHubei
Province as a ‘Province with Thousands of Lakes’ in China. It serves an
essential function in regulation ﬂoods, ﬁsheries, tourism andwater sup-
ply for agriculture and industry. Meanwhile, the lake is an important
habitat for some rare or endangered species, such asMergus squamatus
and Ciconia boyciana. The Lake Honghu wetland has been listed in
“Ramsar Wetlands of International Importance” since 2008. However,
with the intensiﬁcation of human activities, the lake has suffered long-
standing pollution problems, including runoff from fertilizer residues
and waste emissions from aquaculture and livestock production. The
main pollution of the lake comes from the inﬂows of Four-lake main
canal and there are about 19.6 × 108 m3 upstream ﬂow inputting into
the lake every year (Li et al., 2015; Fig. 1); in addition, a large number
of pollutants such as nitrogen, phosphorus and antibiotics have been in-
troduced into the lake via adding aquafeed, because over 40% of the total
area of the lake has been used as aquaculture farm (Zhang et al., 2017),
where crabs, silver carps and bighead carps were mainly bred. The
water level of Lake Honghu was controlled by many of sluices, and in
general, these sluices were almost blocked the connection between
the lake and Yangzi River (Fig. 1), except of the ﬂood season. The main
land use types in this basin are aquaculture ponds, farmlands, cities,
lakes and rivers. This area experiences a subtropical humid monsoon
climate, with an annual mean precipitation and air temperature of
1000–1300mmand 15.9–16.6 °C, respectively. The rainy season usually
occurs during April–October, which accounts for about 77% of the total
annual precipitation (Ban et al., 2014).
The detailed locations of the sampling sites are illustrated in Fig. 1.
Waters from 11 sampling sites located in Lake Honghu (i.e., L1 to L11)
Fig. 1. Location of Lake Honghu and the sampling sites in Lake Honghu area. R represents sites located in the river network associatedwith LakeHonghu, L represents sites in Lake Honghu,
and P represents sites in aquaculture ponds around the lake, which can exchange the water with Lake Honghu. The arrow directions represent the follow of river water. The shaded
segment area in the upper ﬁgure is the Four-lake Basin and the shaded segment areas in the lake represent ﬁshery enclosure.
1425Z. Wang et al. / Science of the Total Environment 609 (2017) 1423–1432were collected in November 2015 and May 2016. Site L1 is the inlet of
inﬂowing river, and sites L3, L8, L9, L10, and L11 are relatively close to
aquaculture areas. To evaluate the primary source of the antibiotics of
Lake Honghu, the waters from four major connecting rivers (i.e., R1 to
R4) of Lake Honghu and four typical aquaculture ponds (i.e., P1 to P4),
which can exchange water with Lake Honghu, were collected simulta-
neously. The GPS location of each sampling site was shown in Table
S1. All the water samples were collected at approximately 0.5 m
below the surface using a cylinder sampler and stored in clean glass bot-
tles (2.5 L). After being transported to the laboratory in ice boxes, the
samples were stored at 4 °C and pretreated within 4 days.
2.3. Environmental parameters determination
Water temperature (WT), pH, dissolved oxygen (DO), conductivity,
salinity, oxidation–reduction potential, turbidity, chlorophyll-a, and
ﬂuorescent dissolved organic matter were measured in situ by EXO2
(YSI, USA) at the sampling sites. The other environmental parameters,including total phosphorus, orthophosphate, total nitrogen, ammonium
nitrogen, nitrate nitrogen (NO3−–N), nitrite nitrogen, and potassium
permanganate indexes, were determined according to standard labora-
tory methods (APHA, 1998).
2.4. Antibiotic extraction and analysis
Extraction procedures for the 13 antibiotics in water samples were
optimized according to Tong et al. (2014), with minor modiﬁcations.
Brieﬂy, 1500mLwater samples were ﬁltered throughwith amufﬂe fur-
nace-burned glassﬁlter (Ф 47mm, pore size 0.45 μm). The pH valuewas
adjusted to 3 with HCl (6M). Then, 0.8 g Na2EDTA was added to the ﬁl-
trate to complex divalent cations. Solid-phase extraction (SPE)was con-
ducted using the Supelco Visiprep SPE system (Supelco, USA), and oasis
hydrophilic–lipophilic balance (HLB) cartridges (6 mL/500 mg, Waters,
UK) were used to gather antibiotics. The cartridges were pre-treated
with 5 mL methanol, followed by 5 mL ultrapure water and 5 mL pH 3
ultrapure water; after which, samples were passed through at a loading
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were washed with 10 mL ultrapure water and 10 mL 5% methanol.
Then, the HLB cartridge was eluted with 5 mL methanol and 5 mL 2%
ammonia methanol. The ﬁnal eluate was collected into a glass tube
and evaporated to dryness using rotary evaporators (Yarong, China) at
40 °C temperature, resuspended in 0.6 mL of 50% methanol, and stored
at−20 °C for further analysis.
Instrumental determinations of antibiotics were performed using a
2695 Waters Alliance system (Milford, MA, USA) equipped with an
autosampler-controlled binary gradient system, a micro vacuum
degasser, and a 2998 Photodiode Array detector. Separations were ob-
tained using Waters XTerra C18 column (4.6 mm × 150 mm, particle
size 5 μm) at a ﬂow rate of 0.8 mL/min. Chromatographic and detector
operating conditions were based from Hu et al. (2008), Zhao et al.
(2010), and Summa et al. (2015) and optimized as speciﬁed in Table
S2. Ten mixed standards for SAs and FQs and three mixed standards of
TCs were analyzed using high-performance liquid chromatography
(HPLC) operating conditions to form the calibration. Line curve ﬁts
(each antibiotic concentration ranged from 0.1–5 mg/L) were used for
all analytes and correlation coefﬁcients exceeded 0.995. Qualitative
analysis of antibiotics was based on the comparison of the retention
time and three-dimensional ﬁngerprint between unknown substances
and standard products (Zhao et al., 2010; Summa et al., 2015). The
quantitative analysis was performed according to the standard curve
of each antibiotic.
2.5. Quality assurance/quality control
Limits of detection (LOD) and limit of quantiﬁcation (LOQ) for the
instrument were determined according to 3.3 and 10 times of the sig-
nal-to-noise ratio, respectively (ICH Steering Committee, 1996; Zhao
et al., 2010). The LOD and LOQ of each antibiotic are shown in Table 2
(with 2500 times concentration). The recoveries for antibiotic extrac-
tion (Table S3) were performed by spiking with 1 μg/L antibiotic stan-
dard to selected ﬁve water samples. This method showed that low
LOQs were obtained for SAs and FQs analytes (0.004–0.024 μg/L), but
relatively high LOQs occurred for TCs (0.064–0.108 μg/L). Moreover,
the overall mean recoveries for all target analyses in the spiked ﬁeld
water samples ranged from 54.0%–110.3%, with an RSD lower than
11.5% (Table S3); these results conﬁrmed the validity of the methodol-
ogy applied in this work and are similar with Zhao et al. (2010). The an-
tibiotics contents data in this study were adjusted by the recovery of
each kind of antibiotic.
2.6. Hazard assessment
The ecological hazards of individual antibiotics in the water were
assessed using hazard quotient (HQ) approach, and three different tro-
phic levels (algae, daphnids, and ﬁsh) were chosen for the assessment.
According to the European Commission Technical Guidance Document
(EC, 2003) and European Chemicals Agency guideline (ECHA, 2008),
HQ is the ratio between the measured environmental concentration





According to European Chemicals Agency guideline, to estimate a
PNEC on the basis of toxicity data, when only the short-term/acute tox-
icity data (EC50/LC50) are available, the PNEC is obtained from EC50/
LC50 divided by an assessment factor (AF) of 1000. Once long-term/
chronic EC10 or no observed effect concentration (NOEC) values for
one, two or three trophic levels are available, an AF of 100, 50 or 10 is
used (ECHA, 2008). In this study, many chronic toxicity or acute data
of the selected antibiotics on non-target organisms with differenttrophic levels were collected from ECOTOX database and literatures,
and PNEC values were calculated based on the toxicity data and are
shown in Table S4.
Furthermore, the ecological hazard of antibiotic mixtures was evalu-
ated using two methods proposed by Backhaus and Faust (2012). This
approach uses the MHQ model, which is expressed by two parameters
(MHQMEC/PNEC and MHQSTU), and the calculation formulas are shown
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where TU and STU are the toxic unit (MEC/EC50) and the sum of toxic
unit, respectively. The values of MEC, EC50, and AF are the same as in
the individual HQ approaches (Liu et al., 2015; Yao et al., 2017).
The hazardwas classiﬁed into high hazard (HQ N 1), mediumhazard
(0.1 bHQ b 1), and lowhazard (0.01 bHQb 0.1) (Hernando et al., 2006).
Due to the set of data used to calculate the MHQ are derived from the
data for HQ, they shared the same ranking standards (Liu et al., 2015).
2.7. Statistical analysis
Multivariate analyses, including detrended correspondence analysis
(DCA) and redundancy analysis (RDA), were used to evaluate the rela-
tionship between antibiotics pollution characteristics and various envi-
ronmental parameters. If the length of the ﬁrst ordination gradient
calculated byDCA is b3, RDA should be chosen for this data set. The spa-
tial distribution characteristics of antibiotics were analyzed by cluster
analysis. Before this process, the data were ﬁrst transformed, by taking
the natural logarithm of a density data (x) to ln (1+ x), tomake the re-
siduals more normally distributed and complete linkage method was
used. Moreover, the Varimax-rotated component matrix was per-
formed to identify the source of antibiotics in water samples according
to Chang et al. (2009) and Chen et al. (2015a, b). All datawere processed
using SPSS 19.0, PRIMER 6.0, and Canoco for Windows 4.5.
3. Results and discussion
3.1. Occurrence and concentrations of antibiotics
The concentrations and detection frequencies of the 13 antibiotics in
and around Honghu Lake (rivers, lake, and ponds) are summarized in
Table 1 and the speciﬁc data were shown in Table S5. Almost all target
antibioticswere detected in thewater samples, thereby indicating ubiq-
uitous occurrences in this area. TC, OTC, CTC, and SDZwere themost fre-
quently detected antibiotics in this area at detected frequencies of 100%,
100%, 88%, and 75% in the river samples, of 91%, 86%, 86%, and 86% in
lakewaters, and of 100%, 100%, 75%, and 88% in pondwaters, respective-
ly. The total concentrations of selected antibiotics ranged from
1182.1 ng/L to 6018.6 ng/L (mean 2613.5 ng/L) in rivers, from
681.9 ng/L to 4160.0 ng/L (mean 1285.2 ng/L) in lake waters, and
from 817.2 ng/L to 2652.5 ng/L (mean 1457.2 ng/L) in ponds. The
mean concentrations decreased in the order of TC (745.2 ng/L) N OTC
(682.9 ng/L) N CTC (426.0 ng/L) N SDZ (210.1 ng/L) N SMZ
(169.2 ng/L) N DIF (86.4 ng/L) N SMR (75 ng/L) N OFL (68.9 ng/L)
N SMM (48.4 ng/L) N FLE (38.7 ng/L) N CIP (33 ng/L) N SMD
(29.8 ng/L) N SFM (b6 ng/L) in the river waters, in the order of CTC
(301.2 ng/L) N TC (300.5 ng/L) N OTC (217.9 ng/L) N SDZ (126.9 ng/L)
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ters, and in the order of CTC (475.6 ng/L) N TC (368.5 ng/L) N OTC
(266.4 ng/L) N SDZ (97.2 ng/L) N SMZ (77.4 ng/L) N other kinds of anti-
biotics (ranged from 6.3–43.9 ng/L) in the ponds.
The results showed that TCs and SAs are themain kinds of antibiotics
in Honghu Lake and in the associated waters. TCs are widely used in ag-
riculture, aquaculture, and livestock as antibacterial agents and growth
promoters due to their low price, high efﬁciency, and low toxicity
(Schmidt et al., 2000; Liu et al., 2017). Most of the studies indicated
that concentrations of each individual TC in surface waters and coastal
waters are lower than 500 ng/L (Bu et al., 2013). Themedian concentra-
tions of TCs in our investigation all followed in this scope (Table 1), ex-
cept TC in rivers. In comparison, TC pollution levels in our investigated
area were lower than those in Wangyang River, China (nd–
25,237 ng/L for TC, nd–361,107 ng/L for OTC, and nd–68,870 ng/L for
CTC) (Jiang et al., 2014) and in Lake Taihu, China (nd–1850 ng/L for
TC, nd–4720 ng/L for OTC, and nd–1030 ng/L for CTC) (Wu et al.,
2016); however, they were higher than those in most surface waters
in the world, such as in Bohai Bay, China (nd–30 ng/L for TC and nd–
270 ng/L for OTC) (Zou et al., 2011), in Lake Chaohu, China (nd–
17.8 ng/L for TC, nd–4.9 ng/L for OTC, and nd–4.0 ng/L for CTC) (Tang
et al., 2015), and 139 streams in America (nd–110 ng/L for TC, nd–
340 ng/L for OTC, and nd–690 ng/L for CTC) (Kolpin et al., 2002).
SA is another kind of antibiotic and is widely used in animals and
human beings (Liu et al., 2017). Moreover, SDZ, SMZ, and SMR are the
frequently used SAs in veterinary medicine (Sarmah et al., 2006). Our
results indicated that SDZ is the dominant SA, with concentrations of
nd–499.5 ng/L in rivers, nd–322.5 ng/L in Honghu Lake, and nd–
261.1 ng/L in ponds. These concentrations were similar to those of in
139 streams and Rio Grande in America (nd–220 and nd–300 ng/L, re-
spectively) (Kolpin et al., 2002; Brownet al., 2006), SeineRiver in France
(23–544 ng/L), and Lake Baiyangdian and Pear River in China (0.86–505
and 38–336ng/L, respectively) (Xuet al., 2007; Li et al., 2012). However,
these concentrations were higher than in most of the other surface wa-
ters in China (Bu et al., 2013).
Relatively high levels of TCs andSDZpollutions inHonghuLake areas
may be due to their high usage and environmental stabilities. Honghu
Lake, which is located in central China, suffers from high-intensity
human activities and lack of adequate sewage treatment facilities
(wastewater treatment rate at only 38%) (Yang et al., 2016). For exam-
ple, the densities of population, livestock, and poultry in Honghu Lake
watershed are approximately 570 individuals, 800 pigs, and 14,000
poultry per square kilometers (JBS, 2016); moreover, over 40% of the
total area of Honghu Lake is used as aquafarms for high-density cultur-
ing of ﬁsh, crabs, crawﬁsh, and shellﬁsh, with annual products of ap-
proximately 0.3 million tons (Zhang et al., 2017; Yang et al., 2016).
Our investigation showed that the average concentrations of indi-
vidual FQs was are several tens of ng per liter, with 13%–55% detectedTable 1
Antibiotic concentrations (ng/L) in the water samples collected from Lake Honghu, connecting
Antibiotics Rivers Lake
Min Max Med Mean Fre Min Max
TC 173.7 1454.8 688.2 745.2 100% b15a 965.7
OTC 169.9 2796.6 260.1 682.9 100% b36 2199.5
CTC b21 876.2 401.1 426.0 88% b21 828.9
SMZ b6 715.3 61.1 169.2 63% b6 254.9
SMR b5 329.1 20.0 75.0 50% b5 141.5
SMD b4 109.9 2.6 29.8 50% b4 172.4
SFM b6 b6 b6 b6 0% b6 430.9
SMM b3 225.5 18.4 48.4 50% b3 168.4
SDZ b8 499.5 182.7 210.1 75% b8 322.5
FLE b8 309.4 b8 38.7 13% b8 207.4
OFL b4 203.7 34.6 68.9 50% b4 105.1
CIP b1 106.2 21.5 33.0 50% b1 72.3
DIF b5 250.2 70.2 86.4 50% b5 215.9
a Means concentrations are below the limits of detection. The values following “less-than sigfrequencies, which are relatively lower than those of TCs and SAs
(Table 1). The concentrations of FQs are similar with most surface wa-
ters, except in Bohai Bay, China (Bu et al., 2013). The relatively lower
FQs concentrations may be due to their low application in these areas
and easy degradability in water environments (Kolpin et al., 2002).
3.2. Temporal and spatial variations of antibiotics
The temporal and spatial variations of TCs, SAs, and FQs are shown in
Fig. 2. Cluster analysiswas used to evaluate the spatial distribution of se-
lected antibiotics pollution in the study area. All the 19 sampling sites
were grouped into three statistically signiﬁcant clusters at b6 level
(Fig. 3). Dendrogram showed that Cluster 1 contains sites R1, R2 and
L1 (Fig. 3). Sampling site R1 has the highest antibiotic concentrations
among the other sampling sites (Fig. 2). R1 is located in the Four-lake
main canal, which is the main drainage canal of the Four-lake Basin
and adopts the upstream ﬂow, which contains domestic sewage, agri-
culture wastewater, livestock, and aquaculture efﬂuence from an area
of 1.04 × 104 km2 (Zhang et al., 2017). This result showed that the anti-
biotics from the Four-lake main canal are probably the main sources of
the antibiotics of the Honghu Lake. The antibiotic concentrations in R2
and L1 sites, which are associated with the Four-lake main canal
(Fig. 1), were indicated at this point as well. Cluster 2 contains sites
L2, L11, P1 andP4, indicating these sites have the similar antibiotics con-
taminated proﬁles. The results of cluster analysis also found almost all of
the sites in the Lake Honghu (sites L3 to L10, except L1, L2, and L11) are
clustered in the Cluster 3, suggesting the variation of antibiotic concen-
trations is limited among different locations (Figs. 2 and 3). As the aqua-
culture farm enclosure was nearly uniformly distributed in the lake, the
antibiotic internal pollution caused by the aquaculture farm was rela-
tively homogeneous; moreover, the action of wind and waves of the
lake limited the variation of antibiotic concentrations among different
locations in the Honghu Lake. Relatively high antibiotic concentrations
occurred in some special sites such as site L11, and this may be due to
the different antibiotic application amounts in the aquaculture farm in
the lake and this site is closed to the Four-lakemain canal. Our result im-
plied that the antibiotics use in the aquaculture farm in the lake is prob-
ably one of the antibiotic pollution sources in Lake Honghu. In the
present study, we only investigated four aquaculture ponds. The inves-
tigated results and cluster analysis showed that different antibiotic con-
centrations are appeared in different ponds (Figs. 2 and 3), although
these ponds were all breeding crabs. For example, in November, the
TCs, SAs, and FQs concentrations were 2253.8, 351.1, and 47.5 ng/L in
pond P4, respectively, whereas they were 849.4 ng/L, 146.7 ng/L, and nd
in pond P3, respectively. These results showed that the differentmanage-
ments may exist in different ponds as these ponds belonged to different
owners. On the whole, the total antibiotic concentrations were highest
in the rivers, followed by the concentrations in ponds and lakes amongrivers, and aquaculture ponds.
Ponds
Med Mean Fre Min Max Med Mean Fre
277.7 300.5 91% 98.5 1019.2 226.4 368.5 100%
143.4 217.9 86% 84.6 577.8 242.0 266.4 100%
320.1 301.2 86% b21 1431.3 420.8 475.6 75%
55.8 53.4 68% b6 260.5 66.4 77.4 38%
36.7 47.4 73% b5 29.1 1.6 9.7 50%
29.8 43.7 55% b4 169.9 b4 43.9 38%
b6 54.9 27% b6 240.0 b6 30.0 13%
b3 31.1 31% b3 136.2 b3 22.0 25%
110.2 126.9 86% b8 261.1 62.3 97.2 88%
b8 22.3 14% b8 49.8 b8 10.7 13%
24.0 36.6 55% b4 106.8 b4 18.4 25%
b1 15.4 41% b1 47.5 b1 6.3 25%
b5 34.0 45% b5 130.2 b5 31.1 25%
n” are the limits of detection.
Fig. 2. Temporal and spatial variations of antibiotics in different sampling sites.
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L10, and L11. These results showed that the contaminants from the Four-
lake main canal is the main source of the antibiotic pollutions in Honghu
Lake, and the antibiotic applications in ﬁshery ponds and aquaculture
farm enclosures in the open water contributed to the contamination of
antibiotics in the Honghu Lake. However, the special contributions of
these three sources need our detailed quantitative research in the future.
The concentrations of antibiotics were obviously different between
November and May in our investigated areas (Fig. 2). For TCs, the de-
tected mean concentrations in rivers, lake, and ponds were 2670,
1053, and 1264 ng/L, respectively, in November, which were approxi-
mately 2.5, 2.0, and 1.4 times of their concentrations inMay, respective-
ly. One reason for this phenomenon is the high TCs usage rates in
autumn. This result likely occurred because TCs are commonly adminis-
tered to livestock or poultry as prevention and treatment of most respi-
ratory infection and diarrhea, and usage tends to increase in autumn
and even winter in China when the animals are most vulnerable to
these diseases, as validated by studies (Matsui et al., 2008; Chen et al.,
2012; Cheng et al., 2014). Another reason is that the degradation of an-
tibiotics is low in autumn. Photo- and bio-degradation are the two im-
portant routes for eliminating antibiotics and the temperature has
been conﬁrmed to obviously inﬂuence TCs degradation (Doll and
Frimmel, 2003; Alexy et al., 2004; Loftin et al., 2008). The degradation
rate of TCs is less in the low-temperature season (November) than in
the high-temperature season (May). The WT was approximately 13 °C
in November and 24 °C in May, according to our investigation (Table
S6). SAs are mainly used to treat human, veterinary, and poultry dis-
eases (Liu et al., 2017). Our results showed that the total SAs concentra-
tion was higher in May than in November (Fig. 2). This phenomenon is
probably caused by the following reasons: the SAs usage was high and
the degradation was low in May due to the high human and livestockFig. 3. Cluster analysis of all sampling sites with antibiotics concentrations by using
complete linkage method.infections in this relatively low-temperature season. Moreover, the
ﬁrst runoff generally occurs in May, although the rainy season usually
occurs during April–October. The runoff can bring a large quantity of
SAs into the receiving rivers due to the low adsorption ability of SAs in
the soil or manure (Li and Zhang, 2010; Luo et al., 2011). However,
the SA concentrations in May in the lake were signiﬁcantly lower than
that in November (Fig. 2). This phenomenon seems incompatible with
the SAs concentrations in rivers, but possible. We can explain this phe-
nomenon as follows: bio-and photo-degradation of antibiotics are
higher inMay than in November due to the high activity of microorgan-
ism and strong sunlight during high-temperature season (Karthikeyan
and Meyer, 2006); meanwhile, the SAs reduction via degradation is
higher than the increase from the rivers. Due to the low application in
these areas and the easy degradability in the water environment
(Kolpin et al., 2002), the seasonal variation of FQs is not obvious.
3.3. Correlation between antibiotics and environmental parameters, as well
as antibiotic source analyses
Potential relationship between the distribution of antibiotics and en-
vironmental parameters (i.e., water quality parameters, Table S6) was
evaluated bymultivariate analysis. DCA indicated that the length of gra-
dient in the ﬁrst axis was 1.603 b 3; hence, an RDA model was used
(LepŠ and Šmilauer, 2003; Chen et al., 2015a, b). In this RDA model,
the antibiotics with low detection frequency (b25%) were not included.
Separation of sampling sites was clear between two sampling times
(Fig. 4), thereby indicating the obvious difference between two sam-
pling seasons in terms of the environmental parameters, antibiotic dis-
tributions, and concentrations. The result was consistent with Fig. 2.
Moreover, RDA indicated that 51% of the variation was explained by
the environmental parameters we used, including the three signiﬁcant
environmental variables, i.e., WT, NO3−–N, and DO. WT, NO3−–N, and
DO explained 11% (p=0.002), 6% (p=0.010), and 5% (p=0.036), re-
spectively, of the variation in the antibiotic distribution (Table S7)·The
results showed that antibiotic distribution and concentration in the
water samples of Honghu region are strongly affected by these three en-
vironmental variables. In fact, WT can directly affect the biodegradation
and other environmental behaviors, such as photo-degradation, adsorp-
tion, and hydrolyzation (Karthikeyan and Meyer, 2006; Kümmerer,
2009). On the other hand,WTmay indirectly inﬂuence the antibiotic us-
ages because human, livestock, and poultry diseases caused by bacteria
highly occur during relative low temperature season including spring,
autumn and winter (Matsui et al., 2008; Chen et al., 2012; Cheng et
al., 2014); moreover, summer involves high dosage of antibiotics in
aquaculture industry because of the frequent ﬁsh diseases during this
high-temperature season. Our results found that almost all of the antibi-
otic concentrations were negatively correlative with DO (Fig. 4). This
can show that DO can signiﬁcantly affect the antibiotic distribution
and concentrations. Our results were consistent with previous
Fig. 4. Canonical correspondence analysis of the antibiotic concentrations and environmental
parameters in 19 water samples. Solid circles represent the different sampling sites in
November, and hollow circles represent the different sampling sites in May. The circles
labeled 1 to 4 correspond to sampling sites R1 to R4, circles labeled 5 to 15 correspond to
sampling sites L1 to L11, and circles labeled 16 to 19 correspond to sites P1 to P4.
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dation rates were higher in aerobic conditions than in anaerobic. Fig. 4
shows that the antibiotic concentrations were positively correlative
with NO3−–N, which implied that nutrients and antibiotics have similar
sources, which aremainly terrestrialwastewater and aquaculture appli-
cations (Chen et al., 2015a, b).
Varimax-rotated component matrix following principal component
analysis was used for the source identiﬁcation of antibiotics in water
samples (Table 2), and antibiotics with low detection frequency were
not included. Three principal components (PC1, PC2, and PC3) were
identiﬁed; these components accounted for 30.73%, 17.92%, and
13.96% of the total variance, respectively. PC1 was highly associated
with TC, OTC, OFL, and DIF. These antibiotics aremainly used to treat in-
fectious diseases in aquatic organisms due to their low price and ability
against a wide range of bacteria (Nogueira-Lima et al., 2006; Da Silva
and Salgado, 2012; Liu et al., 2017); this result indicated that TC, OTC,
OFL, and DIF mainly come from the aquaculture in the Honghu Lake re-
gion. PC2 was highly relative with CTC, SMD, and CIP. These antibiotics
are mainly used in human and veterinary applications (Liu et al.,
2017); this ﬁnding suggested that the antibiotics in the investigated
area mainly come from human, veterinary, or poultry drugs via point
or non-point wastewaters. PC3 was highly associated with SDZ and
SMZ. These antibiotics are frequently used in veterinary or poultrymed-
icines (Sarmah et al., 2006), which show that the antibiotics in Lake
Honghu region also come from the livestock and poultry antibioticsTable 2
Varimax-rotated component matrix following PCA of all water samples.
Variables Rotated component numbera
PC1 PC2 PC3
TC 0.830 −0.081 0.206
OTC 0.687 0.533 0.095
CTC −0.008 0.802 −0.057
SDZ 0.271 0.373 0.767
SMD 0.017 0.674 0.038
SMZ 0.012 −0.153 0.928
OFL 0.735 0.004 −0.031
CIP 0.073 0.636 0.072
DIF 0.613 0.064 0.066
Percentage variance explained (%) 30.73 17.92 13.90
a Absolute value N 0.6 are highlighted.use via the point or non-point pollutions. These results indicated that
the aquaculture application and the point or non-point discharge are
mainly responsible for the occurrence of antibiotics in the Honghu
Lake region. This phenomenon is mainly caused by the high-intensity
and large-area aquaculture in Honghu Lake (ﬁshery enclosure in
Honghu Lake was over 40% of the total area of the lake) and lack of
the wastewater treatment facilities in this region (Yang et al., 2016).
3.4. Ecological hazard assessment
Previous studies documented that antibiotics in the aquatic environ-
ment may harm aquatic organisms, which include algae, daphnids, and
ﬁsh, even at low levels (Wollenberger et al., 2000; Chen and Guo, 2012;
Yan et al., 2016). In this study, the selected antibiotics were frequently
detected with relatively high concentrations in the water samples col-
lected from Honghu Lake and the associated water bodies (rivers and
ponds). Hence, the ecological hazards of the antibiotics need to be eval-
uated. The calculated individual HQ values for selected antibiotics using
Eq. (1) are shown in Table S8. Our results showed that algae are the
most sensitive species to antibiotics in the aquatic environment because
PNECs calculated by algae are signiﬁcantly lower than those by
daphnids and ﬁsh (Table S4). The sensitivity of the algae to antibiotics
has been conﬁrmed by previous studies (Kümmerer, 2009; Tang et al.,
2015; Deng et al., 2016). As shown in Fig. 5, only TC poses a high ecolog-
ical hazard to algae in all of the water samples. OTC, SDZ and CIP show
medium to high and SMZ shows low to medium ecological hazards to
algae in most of the water samples across the rivers, ponds, and lakes.
Our results suggested that pollution and ecological hazards of antibiotics
in this area should be paid attention to, especially TC. Similarly, high eco-
logical hazards of TCs were observed in Lake Taihu (Wu et al., 2016).
In the actual conditions, antibiotics often occur in the environment
as multi-component mixtures, and our results showed the co-occur-
rence of antibiotics in the sampling sites. Therefore, only assessing the
single antibiotic hazards through the HQ value may underestimate the
ecological effects of antibiotics in the real environment (Backhaus and
Faust, 2012; Yao et al., 2017). Hence, in this study, two models
(MHQMEC/PNEC and MHQSTU) for evaluating the comprehensive hazard
at each sampling site were introduced. The ﬁnal hazard quotients
(MHQ) varied between 8.99 for site L3 and 65.2 for R1; these results in-
dicate the high ecological hazards of mixture antibiotics. In fact, these
high hazards are mainly for the algae. The antibiotics dominating the
mixtures have a semblable ecotoxicological proﬁle (e.g. AF, maximum
value of MEC, and minimum value of EC50); therefore, with algae con-
sistently being the most sensitive trophic level, and only the algae tox-
icity data were valid in Eqs. (2) and (3) ﬁnally, so that the results of
MHQMEC/PNEC values are the same as the values of MHQSTU at each site
(Table 3). These results indicated the toxicity proﬁles of the mixture
compounds are similar, or all these antibiotics have the similar action
modes to algae in the mixture components (Backhaus and Faust,
2012), which also justiﬁed the validity of using the MRQSTU model in
the present study. The results are similar with those of Liu et al.
(2015) and Yao et al. (2017). The highMHQvaluesweremainly provid-
ed by the high individual hazard quotient of TC, SDZ, which accounted
for 67%–96% and 1%–13% of theMHQ at each sampling site, respectively
(Table 3). These results suggest that these two antibiotics contribute the
most to the overall hazard quotient, and these compounds should be
mainly controlled to protect or maintain the aquatic ecosystems.
As an important aquaculture base in China, Lake Honghu and its as-
sociated aquaculture ponds in this area produces about 8 × 105 tons
ﬁshery products (mainly ﬁshes, crabs and shrimps) every year (JBS,
2016). According to the data from Cabello et al. (2013), there are
about 1120 tons of antibiotics input into this water area just only con-
sidering aquaculture. These huge amounts of antibiotics would produce
deep impacts, not only on aquatic ecosystem, but also on human health.
In the present study, we have only preliminarily evaluated the potential
hazards of antibiotics as a kind of general toxicant using HQ and MHQ
Fig. 5. Ecological hazards of selected antibiotics to algae in different sampling sites.
1430 Z. Wang et al. / Science of the Total Environment 609 (2017) 1423–1432models in aquatic ecosystem. In fact, the more far-reaching impacts of
antibiotics on human health may exist. First, there are increasing signs
that antibiotics application in aquaculture farms may have a long-term
and permanent potential to select for antibiotic-resistant bacteria in
the aquatic environment at multiple levels. The resistance genes of
these selected bacteria in nature waters could transfer to the terrestrial
bacteria and human pathogens by Horizontal Gene Transfer (HGT) in
the complicated biosphere (Cabello et al., 2013). As a result of HGT,
these new genetic entities may be incorporated into the pangenome
of terrestrial bacteria including human pathogens, linking aquatic and
terrestrial resistomes and complicating the treatment of human infec-
tions (Cabello et al., 2013; Wellington et al., 2013; Sharma et al.,
2016). In addition, aquatic products for human consumption can be-
come contaminated with antibiotics residues. When such products are
eaten, they may not only cause some adverse effects on human metab-
olism directly, but also could potentially alter the human normal intes-
tinal ﬂora, select for antibiotics-resistant bacteria, and aid infectionwith
human pathogenswhile further facilitatingHGT of antibiotics resistance
(Cabello et al., 2013). Thus, the detail investigation of antibiotics, antibi-
otics-resisted bacteria and relative genes and their horizontal transfer
need further studies. At present, our results clearly suggested the antibi-
otics in themiddle reaches of Yangzi River, such as Honghu region, need
to be monitored, evaluated, and controlled.Table 3
The calculated results for MHQ of mixtures and individual antibiotic compounds in differ-
ent water samples.




R1 65.20 65.20 85.6% 4.4%
R2 58.85 58.85 92.8% 4.6%
R3 23.46 23.46 90.7% 1.8%
R4 23.16 23.16 81.3% 1.0%
L1 46.02 46.02 91.5% 2.8%
L2 17.09 17.09 95.8% 2.6%
L3 8.99 8.99 88.5% 7.7%
L4 12.45 12.45 67.4% 10.3%
L5 20.34 20.34 90.8% 5.1%
L6 12.68 12.68 74.9% 13.2%
L7 16.95 16.95 80.2% 5.4%
L8 13.57 13.57 74.2% 8.0%
L9 13.20 13.20 88.0% 7.5%
L10 17.01 17.01 86.9% 4.7%
L11 14.62 14.62 96.3% 0.9%
P1 20.19 20.19 96.1% 1.0%
P2 14.47 14.47 91.4% 5.3%
P3 31.52 31.52 96.4% 2.2%
P4 15.19 15.19 75.3% 8.1%4. Conclusion
In this study, we ﬁrst investigated the occurrence and distribution of
13 common antibiotics in the waters of Lake Honghu, as well as the as-
sociated rivers and aquaculture ponds via two sampling campaigns. The
results suggested that concentrations of the target antibiotics were sig-
niﬁcantly different dependingon the sampling location and timeperiod.
In general, tetracyclines (TC, OTC and CTC) showed the highest concen-
trations of the antibiotics in most surface water samples, which are
slightly higher thanmost of the other lakewaters comparedwith previ-
ously reported data. The contamination levels of other antibiotics in this
area are moderate on a global scale. Antibiotics concentrations in this
study area are mainly shaped by the complicated processes of antibi-
otics discharge, inﬁltration of wastewater, aquaculture usage and
their environmental fate (e.g., biodegradation, photodegradation,
and adsorption). However, our results only came from two sampling
campaigns with limited investigated sites. Thus, the more detailed
investigation is needed for better understanding of the migration
mechanism of selected antibiotics in this aquatic environment.
Moreover, ecological hazards evaluation results indicated that TC,
OTC, SDZ and CIP could pose medium to high ecological hazards to
algae in most of the investigated waters in this area. However,
these results were only assessed ecological hazard of antibiotics,
considered as a kind of general toxicant using HQ and MHQ models.
Further studies should be focused on the occurrence and temporal-
spatial variation of antibiotic-resistant bacteria and genes in this
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